INTRODUCTION
Due to the impact of the seafloor temperature, sediment geothermal gradient, pressure (the water static pressure and the sediment static pressure) and gas composition of sediments on the stability zone of the nature gas hydrate, the maximum depth formed by the nature gas hydrate and the thickness of deposit mainly depends on the critical pressure and temperature of the phase transformation. The information related to the geothermal gradient is an important parameter to determine the thickness of the hydrate stability zone [1, 2] . When the high-resolution seismic profile is used to explain BRS and then infer and evaluate the stratum thermal structure, the conversion of geothermal gradient value only depends on the temperature at seafloor and BSR. If the calculation of the temperature at these two points is too simple, it is only applicable for uniform sediments with a constant thermal conductivity. The measured marine heat flow data are added as the initial value and boundary condition and combined with the speed data obtained from the seismic exploration to convert the thermal conductivity value of the sediment, so as to reduce some uncertainties, thereby greatly improving the accuracy of the calculation and assessment [3, 4] . The seafloor geothermal exploration requires understanding the temperature and thermal conductivity at the surface layer of the seafloor and the sediment with different depths, thus calculating the geothermal gradient and heat flow value of the sediment. In the oceanographic survey, the seafloor geothermal probes are typically divided into two types. One is Lister-type probe, which can obtain the geothermal parameters such as the seafloor temperature, geothermal gradient and in-situ thermal conductivity of the seafloor sediments; the other is Ewing-type probe, which is used to collect the geothermal parameter data and obtain the sediment samples through binding in a large-scale gravity sampling tube in the sampling process, and ABSTRACT: As the exploration of the natural gas hydrate is developed towards the target drilling phase, the traditional EWING-type and LISTER-type heat flow probe is unable to meet the needs of fine detection of the seafloor heat flow in the target area of the nature gas hydrate. The ROV (Remotely Operated Vehicle) dedicated seafloor heat flow probe is designed based on the status and operating characteristics of ROV which has been already adopted in China, which is suitable for measuring the large-scale and high-density seafloor in-situ heat flow, analyzing and understanding the fine thermal structure and thermal state of the special geological structure, and focusing on solving seafloor heat flow measurements in local structure. In the ROV dedicated seafloor heat flow probe, a high-precision NTC thermistor is adopted as the sensor, and ADUC845 chip with an internal integration of 24-bit high-resolution A/D converter is selected as the main processor. Furthermore, the ROV (Remotely Operated Vehicle) dedicated seafloor heat flow probe can measure the resistance values of the thermistors in five channels through the measurement mode of DC unbalanced bridge in a way of time sharing, and use STEINHART & HART equation to conduct R-T conversion, thus obtaining a more accurate geothermal gradient curve of the seafloor sediments after correction by the seven-point three-phase data conversion method, of which the measurement accuracy is 0.005℃ and the resolution ratio reaches 0.001℃. And it can also obtain the valuable raw data of the heat flow with the sea trial of the "SeaLion ROV" of Chinese scientific investigation vessel "Ocean VI" and the "Jiaolong HOV (Human-Occupied Vehicles)" of "Xiangyanghong XVI" vessel.
Keywords: seafloor heat flow; ROV; needlefish probe; geothermal gradient then measure the thermal conductivity of the samples in the interior by using the measuring equipment of the thermal conductivity of the dedicated unconsolidated sediment samples [5] [6] [7] . As the exploration of the natural gas hydrate is developed towards the target drilling phase, there are problems in the technical method for understanding sophisticated seafloor heat flow characteristic distribution in drilling area by using the traditional EWING-type and LISTER-type heat flow probes [8] .
The traditional EWING-type and LISTER-type heat flow probes are unable to obtain a precise location of the observation station, nor continuously measure multiple station locations.
WORKING PRINCIPLE
ROV dedicated seafloor heat flow probe is a small self-contained temperature measuring instrument which is specially made for the SeaLion 4000-type ROV system of "Ocean VI" vessel designed by Guangzhou Marine Geological Survey, which is named as Needlefish I Heat Flow Probe (hereinafter referred to as the needlefish probe). The needlefish probe consists of two parts which are respectively the electronic storehouse and the probe ( Figure 1 ). Five temperature measuring transducers (thermistors), which are placed in the probes with even intervals, are used to collect the temperature data. Each thermistor corresponds to one measurement channel. And there are five channels in an overall system. At the top of the probe, there are seven high-brightness bicolor LED lights with the color of red and green, which are used to display the working status of the probe.
During the offshore operation, the ROV manipulator operates the needlefish probe to carry out in-situ measurement of the seafloor heat flow. When the manipulator inserts the needlefish probe into the seafloor, a group of bottom-up and different-layer temperature value data can be obtained after balancing the temperature, thus obtaining the seafloor geothermal gradient.
ROV system is equipped with the underwater positioning system, so the precise location of the observation station can be obtained in the in-situ measurement of the seafloor; when the ROV system explores the near seafloor, it has a good controllability, which can control over the distance between the observation stations, thus achieving the function of high-quality and high-density seafloor heat flow measurement. In addition, ROV system is also equipped with the sediment sampling device. When the needlefish probe obtains the geothermal gradient of the seafloor sediment, it can also indirectly obtain the data related to the thermal conductivity of the seafloor sediment, thus calculating the seafloor heat flow value at each measuring point. Therefore, based on the platform of ROV system, high-density and high-precision seafloor heat flow in-situ measurement can not only obtain relatively complete geothermal parameters, but also get accurate location information of the heat flow in-situ measurements.
In April 2012, it was the first time for the needlefish probe to conduct the offshore calibration and simulation experiment on "Ocean IV" vessel. After the technical reform and process improvement, the Seabird 911-type CTD (Conductance Temperature Depth) measuring system was used for the offshore temperature calibration in March 2013, and it was the first time to use the manipulator to operate the needlefish probe and successfully collect the heat flow data on the surface of seafloor on the SeaLion 4000-type ROV system platform of "Ocean VI" vessel.
OVERALL DESIGN OF ROV DEDICATED SEAFLOOR HEAT FLOW PROBE

Hardware circuit design
The measuring system of the needlefish probe consists of four parts: the temperature gathering module, the attitude judging module, the main control circuit module and the upper computer processing module. It is an electronic unit integrated with the high-accuracy temperature measuring circuit, the attitude measurement monitoring circuit and the data storage and transmission. This paper selects the multi-channel and low-energy ADUC845 chip with an internal integration of 24-bit high-resolution A/D converter as the main processor, and measures the resistance values of the thermistors in five channels with the variation of temperature through the measurement mode of DC unbalanced bridge in a way of time sharing, and then uses a multi-way switch and signal amplification and filter technique for signal conditioning through the pre-amplification electric circuit, and finally converts the temperature information of resistance values into the digital quantity information by the 24-bit high-resolution A/D converter. And then the digital quantity information is recorded in the FLASH memory cells of the system [9] . The block diagram of ROV dedicated heat flow probe measuring system is shown in Figure 2 , and the working process of the system program is shown in Figure 3. 
Algorithm processing
In the Data Processing Methods of Marine Geothermal Measurement in the Northern South China Sea [10] , it proposes to use the Bullard method for extrapolation in order to obtain the equilibrium temperature. Bullard idealizes the probe as an infinitely long cylinder with the radius of r and pure conduction, and gives out a thermal attenuation formula of the probe with an initial temperature of T 0 in the sediment with an equilibrium temperature of T a. The fitting between the theoretical temperature and the actual measurement tem- perature can obtain an equilibrium temperature. When the recording time is long enough, the temperature T (t) (Unit: ºC) has a linear relation with the reciprocal of the time t (Unit: s):
Where: k is the slope; t is the time starting from the effective insertion. According to this relation, Pfender and Villinger [11] suggested to use the temperature data recorded before 100s of pulling out to carry out T (t)-1/t linear regression. When t is infinite, the corresponding temperature is the required equilibrium temperature.
The needlefish probe first acquires the variation of resistance value of the internal thermistor, and then uses STEINHART & HART equation for R-T conversion, and converts the resistance value into temperature, namely:
Where: R represents the resistance value measured by the probe bridge circuit (Unit: Ω); T represents the temperature (Unit: Fahrenheit), which is actually the temperature value converted by the resistance R; Tc is the temperature value converted by resistance R (Unit: Celsius); a, b and c are conversion coefficients. The coefficients of STEINHART & HART equation are obtained by calibration data fitting of the laboratory environment so that the test conditions of the geothermal gradient measuring system of the seafloor sediment have changed, which require being corrected.
According to the nonlinear conversion characteristic of STEINHART & HART equation, there is a need to acquire a set of values of A, B and C to represent all situations in order to improve the accuracy. Therefore, three-point and seven-point three-phase data conversion methods are researched to convert the resistance values acquired by measurement.
Three-point data conversion method is mainly used for on-site supervision of the quality of the field temperature data. The temperature range of deep seafloor is between 0 ºC and 5 ºC. As a quick and simple data conversion method, the three-point data conversion calibrates the coefficients of STEINHART & HART equation through acquiring three standard temperature points (calibrated CTD temperature value) and the resistance value measured at three temperature points in five channels of the needlefish probe.
When three sampling points are at a low temperature, the low-temperature data conversion is accurate, but the error of the high-temperature data conversion is relatively large. In order to improve the post-processing precision of data, the seven-point three-phase method is researched to obtain a high-precision data conversion method. The method is mainly divided into following steps: 1) A total remaining layer of CTD is 7. Assuming that seven temperatures are respectively T1, T2, T3, T4, T5, T6 and T7, and they respectively correspond to the thermistor values measured by the needlefish probe in CTD test, that is, R1, R2, R3, R4, R5, R6 and R7. 2) Seven layers of CTD temperature data are divided into three groups, (T1, T3), (T3, T5) and (T5, T7), and the corresponding thermistor values are respectively (R1, R3), (R3, R5) and (R5, R7). 3) According to the Steinhart-Hart equation of the thermistor, each set of temperature coefficient is respectively shown: (1) a1, b1 and c1; (2) a2, b2 and c2; (3) a3, b3 and c3. 4) The average value of three sets of coefficients is calculated, a = (a1 + a2 + a3) / 3, b = (b1 + b2 + b3)/3, c = (c1 + c2 + c3)/3. 5) The data processing of heat flow test brings the resistance value R which is measured by the heat flow test, and a, b, c into the Steinhart-Hart equation, so as to calculate the temperature value T' and judge which one among these three temperature segments (T1, T3), (T3, T5) and (T5, T7) is the closest to T', and then brings the corresponding coefficients and resistance values into the Steinhart-Hart equation, and obtains an accurate temperature value T after recalculation.
EXPERIMENTAL RESULT AND DATA ANALYSIS
In March 2013, in the continental slope and sea area of the Northern South China Sea, the needlefish probe was successful in the offshore data collection test in the SeaLion ROV system. When the ROV system submerges and reaches the testing point where the water depth is 2,000 meters, the ROV manipulator is used to operate the needlefish probe, so as to complete measurements of the seafloor geothermal gradient, as shown in Figure 4 . The measurement curve of geothermal gradient acquired is shown in Figure 5 . Figure 5(a) is a temperature measurement process of five channels for the needlefish probe inserting into the seafloor sediment, of which the horizontal axis is the sampling time (Unit: s), and the vertical axis is the temperature (Unit: ºC). As the working process of the probe can be seen from the time-temperature curve, if the device is passed down, the temperature will decrease with the device passing down. In the stable period, if the device stops passing down, the temperature tends to be stable. When the device is passed down, the measuring temperature of the device also decrease until the probe inserting into the sediment. Under dual effect of the friction force on the temperature of the sediment, the temperature rises rapidly until the friction heat gradually decreases, and the probe also tends to be stable due to the temperature of the sediment; when the device is pulled out from the sediment, the probe temperature may rise due to the friction heat. However, due to lower water temperature in the seafloor, the probe temperature decreases rapidly, and then the temperature will also rise with the rise of the device temperature until the probe stops working [12] . Five channels of the probe have good consistency and sensitivity. Figure 5 (b) is the measurement information of the geothermal gradient at the observation station. In this figure, * is the measured data, -is the unary linear regression curve of the measured data, of which the horizontal axis is the depth (Unit: m), and the vertical axis is the temperature (Unit: ºC). The geothermal gradient value of the observation station is 67.3 ºC /km. Through the unary linear regression analysis of the measured data, R 2 =0.996. The regression equation has a good fitting degree on the sample data. 
CONCLUSION
(1) After the multiple test data analysis of ROV dedicated seafloor heat flow probe, the resolution ratio of the geothermal gradient measuring system of the seafloor sediment can reach 1mK, and the accuracy can reach ± 5mK, indicating that the accuracy and reliability of the geothermal gradient measuring system of the seafloor sediment are very high; after the unitary linear regression analysis of the heat flow measurement data, the fitting degree is very good, indicating that the survey data acquired by the survey system of the seafloor heat flow in an integrated way is stable and reliable with a good consistency.
(2) ROV dedicated seafloor heat flow probe is a small self-contained temperature measuring instrument which is specially made for the SeaLion 4000-type ROV system of "Ocean VI" vessel which is designed by Guangzhou Marine Geological Survey. During the offshore operation, the ROV manipulator operates the needlefish probe to carry out in-situ measurement of the seafloor heat flow. ROV system is equipped with the underwater positioning system, so the precise location of the observation station can be obtained in the in-situ measurement of the seafloor; when the ROV system explores the near seafloor, it has good controllability, which can control over the distance between the observation stations, thus achieving the function of high-quality and high-density seafloor heat flow measurement. Therefore, a precise positioning measurement can be carried out to understand the sophisticated seafloor heat flow characteristic distribution in drilling area.
(3) The successful research and development of the needlefish probe detection can broaden the range of the normal seafloor heat flow measurement and focus on solving some technical problems in local and sophisticated thermal structure and thermal state detection, so as to provide technical basis for detection and identification of the position of the hydrothermal solution and cool spring nozzle in deep seafloor, and geothermal characteristics of the surrounding environment. 
